Our empirical results show that the 1-V relationship of flash lamps operating in the preionized mode with peak current density higher than 2 kA/cm 2 follows Marotta's formula V = Koi°8 5 , and reduces to Gonz's equation V = Koi°. 5 for current density lower than 0.6 k A/cm 2 • At a highcurrent, short-pulse system, the inductance L J and the equivalent negative resistance dLJldt across the flash tube becomes more significant than the inductance of the external circuit. The plasma z-pinch equation can successfully solve these time-variation terms.
I. INTRODUCTION
A comprehensive study of V-I characteristic of flash lamps is important for the circuit optimization of an optically pumped laser. Previous works l -3 have dealt with the V-I characteristic of the flash lamp based fully on the plasma resistivity arising from the electron-ion collisions and the wave-particle nonlinear interactions. In a short-pulse, highcurrent discharge system, the inductance of the external circuit is kept as small as possible, the inductance L J of the arc and the equivalnet negative resistance dLJldt due to the growth of the arc becomes important. Since the inductance of the arc depends on the plasma radius R, which varies with time due to the large magnetic confinement of the discharge current, the plasma z-pinch has an appreciable effect on the 1-V characteristic of the flash tube.
Gonz's formula V = Koi°5, where Vis the voltage drop across the arc, and K o is a constant of the lamp, can be derived directly from Spitzer's resistivity by considering the electron-ion collision at a sufficiently small electric field. The empirical Marrotta's formula V = Koi°8 5 can be successfully derived with sufficient accuracy by using Sagdeev and Galeev's4 anomalous resistivity and the Boltzmann transport equation.
For the same storage bank energy, we also found that the maximum output intensity of the Nd : Y AG laser is at the overdamped case of the discharge network. This is because of the intensity of the pumping light being nearly proportional to the square of the peak current,5 which is largest for the overdamped case.
II. THEORY
The V-I characteristic of flash lamp has been found emperically from Goncz's 
• This formula can be derived approximately from the general kinetic theory of the plasma by assuming that the plasma in the lamp is fully ionized and radiates as a blackbody, so that the radiating intensity and the Ohmic heating powers of the lamp are balanced. Following Guisinow's derivation 6 and Spitzer's resistivity/ we have
;:::;0.9(L IR 1I)i '145, (1) where Vis the voltage across the lamp, 7J is Spitzer's resistivity,j is the current density, a is the Stefan-Boltzmann constant, L is the arc length, and R is the tube bore radius. This equation is satisfactorily fit with Gonz's formula.
However, it has been verified in many experiments that the plasma resistivity is usually higher than the classical value. This anomalous resistivity is due to the scattering of the electrons by the turbulent electric field caused by plasma instability.8-1O As derived from the theory of wave-particle nonlinear interactions, Sadeev and 
where wp; is the ion plasma frequency, u = j/ne is the electron current velocity, n is the plasma density, C, = (KTeIMy/2 is the ion-acoustic velocity, M, is the ion mass, K is the Boltzmann constant, T; is the ion temperature, and T" is the electron temperature. In general, the plasma resistivity can be written as 5
where me is the electron mass. Substituting Eq. (3) . If the lamp resistivity follows Marotta's formula, the power input to the lamp is P = IVaI I " . The ratio of the peak input powers of the three traces as shown in (a) is P,:P 2 :P, = 1.34:1.17:1 which is nearly equal to the ratio of the laser peak powers (i.e., P,:P,:P, = 1.4:1.2:1) as shown in (b).
and It closely agrees with Marotta's formula.
At high-current, short-pulse discharge system, the inductance of the arc L J = (J.tol21T) In(RoIR) becomes the dominant term which is closely related to the plasma radius R. If we assume that the plasma magnetic field interface sweeps up all of the gas in front of it and ignore any shock wave interactions, the motion of the current sheet in the zpinch flash tube will generate an effective inductance due to the variation of the plasma radius. Therefore the function of the current can be described theoretically by solving the Kirchhoffs equation and the plasma pinch equation, 11.12 simultaneously. These two normalized equations can be written as
for Marrotta's formula, y is the ratio of specific heats at constant pressure and volume for the compressed gas, Lc is the circuit inductance, Co is the bank capacitance, t is the time, Po is the filled gas density, and Po is the fill pressure. Thus, giving values of a', B, C, D, and y, we can solve these two equations numerically to find the current-time and radius-time relationships.
III. EXPERIMENTAL INSTALLATIONS
The electrical pump system for the Nd : YAG laser is and the pulse width at the 10% point is tp = 3(LC)1/2, where Land Care the total inductance and total capactitance of the circuit, respectively. It is advantageous for the laser performance to operate the flash lamp in a prepulse mode. 13 The trigger generator connected in parallel with the main discharge system can provide a pulse of 12 k V peak voltage and a duration of 500 ns. The spark gap connected in series with the trigger generator is necessary for generating a short pulse of fast rise time to fire the four lamps at the same instant.
IV. EXPERIMENTAL RESULTS AND THEORETICAL CALCULATIONS
To justify the current-voltage characteristic of flash lamps, the multiple-mesh discharge circuit as shown in Fig.  1 was replaced by a single-mesh network. The measurement of voltage versus current on a log-log plot as shown in Fig. 2 clearly indicates that a slope of 0.85 results from the onelamp discharge system operating at peak current of 2 kAlcm 2 , while the slope reduces to 0.5 for the four-lamp in a parallel system at a peak current of 0.6 kAlcm
•
For a low-current discharge system, the circuit optimization condition can be found from the results of Mackiewicz and Emmett. where a = KoI(V 020)1/2, for a single-mesh discharge system by applying Goncz's resistivity to the flash lamp. During the early beginning of the flash, a negative resistance of the discharge is observed which makes the 1-V characteristic fail to express analytically. For flash lamps operating in preionized mode at high current density, anomalous resistivity arises due to the plasma turbulence of the highly excited ion-acoustic waves. In this case, Marotta' s formula is more appropriate to describe the lamp resistivity. Therefore the normalized nonlinear differential equation
should be solved to obtain the optimization of the circuit.
The numerical solutions ofEq. (11) for various values of a' are shown in Figs. 3, 4 , and 5. As can be seen from these curves, the current shape factor a'::::; 1.3 corresponds to the critically damped case which is larger than the value a::::;0.75 as predicted by Eq. (10).
The relative output intensity of the Nd : Y AG laser measured by a silicon photodiode (EG&G, SGD 40A) implemented with a neutral density filter is shown in Fig. 6 . The pulse duration of the output laser for a single flash-lamp pump system is 100 /-ls at 10% of the peak point, and the ratio of the laser intensities at Lc = 35/-lH and Lc = 60 /-lH corresponding to the critical and under damped conditions, respectively, is (12) Since the output radiation energy of the lamp is related to the Joule heating of the plasma, the laser power output will cor- relate with the power input of the flash lamps rather than with the square of the current or with the energy. 
Comparing Eq. (12) with Eqs. (14) and (15), it readily shows that Marotta's relation is more accurate than Goncz's relation in the case of high current density discharge. With the same stored bank energy, our experiment shows that the four parallel flash-lamp discharge system prefers Goncz's formula in contrary to the single-lamp discharge system.
We have solved the plasma pinch equation and Kirchoff's equation simultaneously. motion with three degrees offreedom would be more profitable. Figure 8 shows the critical damped oscillation, where r = 2 means, at higher current density, the motion of the ions along the axis is much slower than the radial part and is negligible. It also show the rapid oscillation of the plasma after the main pinch. Comparing Figs. 7 and 8 with Figs. 3 and 4, we find that the plasma pinch effect contributes negligible effect on the current shape for long pulse-duration discharge circuit. Operating the flash tubes at fast and nonprepulsed modes, the inductance Lc of the discharge circuit is greatly reduced and consequently increases the value of the paramter C. For C = 10 (corresponding to external inductance Lc ::::20 nH), even the a = 0.125 that is in the strong underdamped case, as predicted in Fig. 3 , becomes overdamped discharge when including the pinch equation as shown in Fig. 9 . Decreasing C to 2.97 while increasing a to 0.54, the pinch equation recovers to the underdamped case, this is because the effective plasma inductance L f = (,uol21T) X In(Ro/ R ) which increases the damping effect will be balanced by the negative resistance term dL/dt (Fig. 10) . Therefore the plasma pinch equation is required to describe the 1-V characteristic of the flash tube only for fast discharge circuit with the external circuit inductance less than or comparable to the arc inductance (i.e., several decades of nH). This is practical only for generating ultrafast and high-intensity flash lights such as in application of streak photography and annealing of ion-implanted semiconductors, and usually doesn't occur in the pumping of laser systems.
In this work we found that to optimize the lamp circuit discharge system operating in a preionized mode at high current density, the shape factor a = 1.3 should be followed according to Marotta's resistivity. As on evidence from the experimental result, the laser peak power closely relates to the lamp input power rather than with the square of the current or with energy. The plasma pinch behavior will influence the circuit optimization of flash lamp only for submicrosecond discharge systems.
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